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Abstract

High-pressure windowed strand burners have been used to obtain burning rates for some
hydroxyl ammonium nitrate (HAN) liquid propellants over the pressure range from about 10 to
300 MPa. Measured linear burn rates for these liquids were erratic due to the manifestation of
surface irregularities. This burning surface variable has been minimized by gelling. A pressure
break occurs around 80 MPa for these gelled propellants. The burn rate (r) vs. pressure (p) can
be adequately expressed by an exponential of the formr = Ap®. For pressures below 70 MPa,
n ~ 0.2, and for pressures between 70 and 300 MPa, n ~ 1.1. One HAN-based liquid propellant,
XM46, has been investigated as a function of temperature as well. Due to the substantial
increase in viscosity, cold-temperature (~-50° C) burn rates were obtained without the use of
any gelling agent. These cold temperature burn rates are slightly lower than the ambient
temperature rates and follow a similar pressure behavior at pressures above about 30 MPa. Hot-
temperature (~+60° C) gelled XM46 burn rates are slightly larger than the ambient-temperature
rates, again with a similar pressure behavior. Burn rates were also determined for gelled 9.1 M
HAN through the 70-MPa pressure region, but no convincing evidence of a similar pressure
break was observed.
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1. Introduction

The burning-rate behavior of a propellant vs. pressure is critical information for characterizing
(modeling) the interior ballistics of a gun. Large-pressure exponents for burning rate can lead [1]
to pressure oscillations. Moreover, pressure oscillations are of interest since they occur in most
artillery systems employing a liquid propellant. Oberle and Wren [2] determined burn rates for
XM46 as a function of pressure from a closed-bomb experiment. One of their desires was to obtain
burn rates without gelling the liquid propellant. Their results indicated a rather large pressure
exponent (2.0) for pressures from 100 to 190 MPa. Analysis of this closed-bomb data assumed that
only the top face of the liquid propellant was exposed for combustion. The liquid propellant thus

regressed in a planar cigarette fashion, where the surface area was assumed to remain constant.

Previously, McBratney, Bensinger, and Arford [3] noted substantial surface disturbances on
liquid monopropellants for various ignition stimuli and attempted to minimize these irregularities
by gelling. Egorshev, Kondrikov, and Yakovleva [4] have also used a gelling technique to study the
burn-rate behavior of a variety of water-impregnated explosive compounds. The aim of the present
work was to determine the pressure dependence of the burn rate of hydroxyl ammonium nitrate
(HAN)-based liquid propellants by photographic observation of the regressing interface. For
ambient- and hot-temperature ungelled cases, surface irregularities were seen for all pressures
studied. Gelling the HAN-based liquid propellants reduced surface irregularities to a point where
an essentially planar burn was established for pressures in the range from about 80 to 300 MPa. For
pressures below this range, the regressing gelled surface established a pointed surface, as previously
observed [5-7]. Cold-temperature burn rates for XM46 have been obtained without the need for
gelling.

2. Experimental

2.1 Ambient Temperature. Windowed steel chambers capable of pressures up to about 150
and 300 MPa have been used to house liquid-propellant samples for photographic studies of their

burning characteristics. An illustration of the 300-MPa maximum-pressure windowed chamber



experiment is shown in Figure 1. The internal diameter (D) of the chamber is 19 cm, and the internal
volume can be varied from 1 to 12 1. The liquid-propellant samples were typically contained in
rectangular acrylic cells with cross-sectional dimensions of 0.3 x 1.0 cm and lengths of about 4 cm.
Backlighting of the sample cells was accomplished with a 300-W quartz-tungsten halogen lamp.
Here, the light enters the chamber through a sapphire window of 1.27-cm clear aperture and is
subsequently turned 90° by the 45° cut on an acrylic block. Photographic records of the burning
behavior were recorded through a 1.27-cm x 5.08-cm rectangular clear-aperture sapphire observation
window by either a half-frame 16-mm camera operating at approximately 1,000 frames/second or
a 200-frame/second VHS movie camera. Regression rates were determined over a 2-cm length in
the middle portion of the sample cell. This 2-cm distance was denoted by scribe marks on the cell
face, and these were readily observable in the photographic records. Additionally, a known length
metal needle was also placed on the cell to check for possible acrylic cell dimensional changes with
pressure.

Sapphire Window ——

Sample Cell
Beam Turn

:////////////
|

QTH Lamp
Power
Supply
Nitrogen Recorder
Pressure

Figure 1. Sketch of High-Pressure Windowed Chamber Experiment.
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2.2 Ignition. Ignition of the liquid propellant was accomplished by electrically heating a
0.1-mm-diameter nichrome wire. A number of variations of this technique were tested to see if
surface disturbances could be minimized or eliminated. The bare ignition wire placed in the liquid
propellant near the top surface created large surface disturbances that were present for the duration
of the burn. Another variation involved coating the ignition wire with a solid mixture consisting of
primarily nitrocellulose and black powder. Placement of this coated ignition wire several millimeters
above the surface of the liquid propellant created a condition where the liquid propellant would be
ignited by the hot combustion gases coming off fhe coated ignition wire. Surface effects were still
seen for this case, and it also turned out to be an unreliable method of ignition. The variation that
has been used for the data obtained in this report involved encasing the ignition wire with gelled
XM46 and placing the same on top of the liquid XM46 contained in the sample cell. This method
proved to be reliable, although varying surface disturbances were still produced and were of a
sufficient magnitude to be easily observed when the ungelled liquid propellant was burned.

2.3 Gelling Agents. Several gelling agents have been tested, and those results have been
discussed previously [7]. In summary, early data have been obtained by gelling with 2% Kelzan gel,
and the more recent results have been obtained by gelling with 1-1.5% Rhamsam gum. Both of
these gelling agents are fermentation polysaccharides and obtained from the Kelco Company.

2.4 Cold and Hot Temperature. In order to make burn-rate measurements of XM46 at cold
(about -50° C) and hot (about 5S0° C) conditions, the present experiment needed modification. It
was decided not to heat or cool the whole windowed pressure chamber because that would affect the
ultimate pressure limits. Since the typical volume of propellant sample that is used per experiment
is small (1.25 cm®), hot or cold temperatures could not be maintained without the aid of
heaters/coolers or a thermal mass in intimate contact with the sample. Cylindrical acrylic blocks,
4.5 cm long and 7.6 cm in diameter, were incorporated as thermal masses, and the sample cell
assembly is shown in Figure 2. The internal cross section of the center of the sample cell is
0.31 cm % 1.0 cm. The upper part of the sample cell contains a throat with an initial cross section
of 0.31 cm x 0.30 cm. Post-analyses of the sample cells show that this throat area has opened up to

a cross section of about 0.4 cm X 0.4 cm. The increase in throat size is due to ablation of the acrylic




Ignition Wire

Thermoco

Cross section of XM46 sample cell. Consists of a
sandwich of three acrylic disks. Center disk cut
to form the sample volume.

Figure 2. Sample Cell Assembly Used for Obtaining Hot and Cold Burn-Rate Measurements
for XM46. The Cutout Section That Forms the Cell Is Shown Only With the Front
View.

occurring during combustion. Incorporation of the throat was to minimize the perturbing ignition
effects on the burn in the rectangular center portion of the sample cell. Burn rates for XM46 at the
cold temperature could be obtained without gelling; thus, the increasing viscosity and/or the throat
restriction provided a very beneficial effect. Incorporating a throat region in the sample cell brings
up the possibility of an increased pressure within the cell. Experimental findings have led us to
believe that is a negligible effect. First, since the throat area is enlarging as the burn progresses, any
overpressure would diminish toward the end of the burn. However, burn rates measured at the
beginning of the burn are the same as toward the end of the burn. Moreover, the sample cell design

would not maintain integrity for significant overpressures.

The chromel-alumel thermocouple used to monitor the cell temperature was taped to an outside
face of the sample cell in the midportion region. These three-piece sample cell assemblies are
sandwiched together in a neoprene insulation sleeve and clear sealing fluids, which are composed
of silicon oil or ethanol and Cabosil, and applied to the sample cell faces to provide enhanced

thermal contact with the acrylic thermal masses. In addition, the ethanol/Cabosil was used to
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- dissolve frost buildup and thus maintain a good video observation path. Prior to an experiment, the
sample cell assemblies are conditioned at hot or cold temperatures for 12 hr in a temperature-

conditioning box.

The ingredients of various liquid-propellant mixtures for which data are presented are given in
Table 1. The amounts are given in weight-percent. Here, the abbreviations are: TEAN (triethanol-

ammonium nitrate) and DEHAN (diethylhydroxyammonium nitrate).

Table 1. Propellant Mixtures

Liquid Propellant ——

LP1845 63.2 20.0
XM46 60.8 0 19.2
LP4620 60.8 3.84 15.36
LP4640 60.8 7.68 11.52
LP1898 60.8 19.2 0
9.1 M HAN 60.8 0 0

3. Results

As a baseline from which to compare present data, three data sets obtained ﬁom previous work,
conducted in this laboratory, are reproduced in Figure 3. These data sets are plotted on one figure
since the perceived differences are minor; LGP1845 is slightly more energetic than XM46, and one
data set for XM46 uses half as much of a similar gelling agent. The straight lines on the figure
correspond to least-squares fits of the XM46 data for a low- and a high-pressure range. This break
in pressure dependence is not as abrupt as the straight-line intersection would indicate, but the
phenomena is most definite. The XM46 data sets indicate this break to be in the neighborhood of
70 MPa. Assuming an exponential burn-rate law, coefficients (A) and pressure exponents are
obtained from a least-squares fit and tabulated in Table 2. OMy XM46 gelled with 1% Rhamsam
has been extended to 300 MPa in pressure. Here, there is some indication that another pressure

break exists around 250 MPa. LGP1845 displays burn-rate behavior similar to XM46.
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o XM46 - 2% Kelzan (7)
-] & XM46 - 1% Rhamsam (7)
o LGP1845 - 2% Kelzan (9) o
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Figure 3. Windowed Strand Burner Burn-Rate Data for XM46 and LGP1845 as a Function
of Presure at Ambient-Temperature Conditions.

In order to further investigate possible mechanisms for the observed pressure break, a short time
was spent in obtaining burn rates of 9.1 M HAN (a mix without the fuel component, ie TEAN fuel
is replaced with water). Six experimental runs were made to determine the burn rate behavior for
gelled 9.1 M HAN around the 70-MPa pressure regime. These are shown with the gelled XM46
~ results in Figure 4. While the burning rate for 9.1 M HAN is similar to that of the low-pressure leg
for XM46, there is no apparent indication of a sharp pressure break. A least-squares fit (exponential
burn-rate law) to this data results in a pressure exponent value of 0.24 (see Table 2). Here, it is seen
that the presence of the fuel component has a major effect on the burn rate at pressures exceeding
about 70 MPa. Further discussion of these observations is continued in the discussion section. More
recently, another candidate liquid propellant (LP1898) has been formulated, with initial hopes of
reducing pressure oscillations [9]. Replacement of TEAN with DEHAN in the XM46 mixture
(LP1898) was thought to increase both the burn-rate and low-pressure ignitability. A comparison
of gelled LP1898 and XM46 is given on Figure 5. In general, the burn-rate behavior of LP1898 is

somewhat similar to XM46. There is a pressure break that appears, but at a lower pressure (about)
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Table 2. Fitted Values for the Burn Rates of Various Propellant Samples When Using the
Exponential Form r = Ap", Where r Is in Centimeters Per Second and p Is in
Megapascals. Both the Fitted Values and Uncertainty Limits Come From a

Regression Analysis.
Sample Pressure Range A n
(MPa) (cm/s)

XM46 - 2% Kelzan 10-70 1.04 £0.11 0.24 £0.04
XM46 - 2% Kelzan 70-220 0.014 £ 0.004 1.19 £ 0.05
XM46 - 1% Rhamsam 10-70 1.27 £0.16 0.16 £ 0.04
XM46 - 1% Rhamsam 70-300 0.031 +0.008 1.04 +0.05
XM46 - 1% Rhamsam 70-240 0.024 +£0.011 1.10 £0.09
XM46 - Ungelled - -50° C - 10-70 229+0.41 0.013 £ 0.05
XM46 - Ungelied - -50° C .100-176 0.0197 £0.016 1.07 £0.16
LGP1845 - 2% Kelzan 10-60 1.65 +£0.01 0.10 +0.02
9.1 M HAN - 1% Rhamsam 30-180 1.09£0.16 0.24 +0.03
LP1898 - 1.5% Rhamsam 10-50 1.09 £0.09 0.21 £ 0.025
LP1898 - 1.5% Rhamsam 70-200 0.029 £ 0.019 1.14+0.13

XM46 - 1% Rhamsam® 20-73 1.87 0.10

XM46 - 1% Rhamsam® 73-190 0.017 1.2

LP4620 - 1% Rhamsam® 20-68 1.13 0.26

LP4620 - 1% Rhamsam® 68-170 0.03 1.1
LP4640 - 1% Rhamsam® 20-64 0.83 0.32
LP4640 - 1% Rhamsam® 64-170 0.032 1.24

2 Values obtained from Messina [8].

50 MPa). The burn rate of gelled LP1898, on the high-pressure leg, is about 1.5 times larger than
that for XM46.

Investigations of the burning-rate behavior of XM46 at cold and hot conditions has also been
undertaken [10]. It was experimentally observed that the cold (-50° C) XM46 could be made to
burn with a flat surface without gelling; these burn-rate results, together with the
ambient-temperature' gelled data, are displayed in Figure 6. The low-pressure has considerable

scatter, and the pressure exponent has large uncertainty. If the three lowest pressure points are
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Figure 4. Burn-Rate Data Comparison Between 9.1 M HAN and XM46.
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Figure 5. Burn-Rate Data Comparison Between LP1898 and XM46.
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Figure 6. Comparison of the Burn Rates for Gelled XM46 at Ambient Temperature (25° C)
and Ungelled XM46 at Cold Temperature (-50° C).

neglected, the ungelled data follow a trend similar to that shown for the ambient-temperature gelled
case. The high-pressure-leg data has much less scatter and provides a pressure exponent (within

experimental uncertainty) the same as for the ambient-temperature gelled condition (see Table 2.).

As an indication that the cold temperatures are maintained by the sample assembly for the time
it takes to set up and run the experiment, an early thermocouple output for sample cell temperature
" is given in Figure 7. Zero time is when the sample cell assembly is removed from the
temperature-conditioning box. A rapid change (decease at 13.5 min) is observed when the
windowed chamber is pressurized. This abrupt change is thought to be due to a nonuniform
environment around the thermocouple connections and feedthroughs. When these feedthroughs are
replaced with thermocouple material, the dip in the thermocouple trace is eliminated. As this change
relaxes back, the liquid propellant sample is ignited and subsequently burns (14.3 min), giving rise

to a sharp increase in temperature. After burn completion, the temperature again relaxes back to
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Figure 7. Temperature History of the Sample Cell Assembly for a Cold-Temperature
Experiment.

values around -30° C. Other temperature histories at different pressures show similar behavior.
These thermocouple data indicate that the temperature under which the experiment is carried out is

typically within 5° C of the conditioning box temperature (-50° C).

Overnight conditioning of the gelled XM46 at +65° C resulted in obtaining unstable burning
surfaces. However, if the thermal blocks were conditioned overnight without the sample and then
the sample placed in contact with the blocks long enough to reach temperature (about 0.5 hr), then
the a stable burn surface could occasionally be obtained. Apparently, conditioning the gelled XM46
at elevated temperatures for extended periods resulted in breaking down the gelling agent. Again,
the temperature at which the experiment is carried out will be within 5° C of the conditioning box
temperature (+65° C). Only four experimental points were obtained for this study, and, thus,
pressure breaks are not obvious. If one uses the ambient temperature burn-rate behavior as a guide,
then there are indications that the hot burn rates (Figure 8) are close to the ambient values on the
low-pressure leg; the pressure break appears to occur at somewhat lower pressures, and the values

for the high-pressure leg are larger than the ambient case.
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Figure 8. Comparison of the Burn-Rate Behavior Between Gelled XM46 at Ambient and
+60° C.

4. Discussion

Consistent trends for ambient- and hot-temperature liquid-propellant burn rates have only been
obtained by gelling. No other investigators have measured burn rates by visualization of the burning
surface over this pressure range. As mentioned previously, Oberle and Wren [2] measured burnrates
of ungelled liquid propellant with a closed-bomb technique. Here, the geometry of the burning
surface has been assumed planar in order to extract burn rates from pressurization rates. Results of
McBratney and Vanderhoff [7] are in disagreement with these extracted burn rates. Recently,
Messina [8] has measured the burn rates for gelled XM46, 1.P4620, and LP4640 using a
pressure-fluctuation technique [11]. Results of these measurements are reported in Table 2. One
of the objectives in their study [8] was to check against the work of McBratney and Vanderhoff [7,
10]. Reasonable agreement was found for the burn rate of gelled XM46 over the pressure range for
the comparison. The values obtained by Messina were somewhat larger than those of McBratney
and Vanderhoff. The break in the pressure exponent occurred at similar pressures. A direct
comparison cannot be drawn for LP1898 since Messina measured mixtures of XM46 and LP1898

11




and we measured pure LP1898. However, trends can be pointed out. LP1898 does not have a
substantially higher burn rate than XM46. Through the pressure range studied, LP1898 burns, at
most, 1.5 times faster than XM46. The burns rates for the mixtures studied by Messina fall within

these bounds.

Over the course of these studies, there has been concern about gelling the liquid-propellant
samples and the effect this may have on the burning rate. Evidence that gelling has a minimal effect
on the burning rate comes from windowed chamber studies of XM46 at cold (-50° C) conditions,
where burn-rate measurements were obtained without the need for gelling. These cold-temperature
ungelled burn-rate results are about what one would calculate from taking ambient-temperature
gelled values and applying a moderate-temperature-sensitivity correction. That is, the temperature
sensitivity (0;), defined as {0ln r/dT},, calculated from the burn-rate results shown in Figure 6 is
0.005/° C for the high-pressure leg. According to Kubota [12], this value lies in the middle of the
range of temperature-sensitivity values for conventional solid propellants. Actual temperature
sensitivity values were not computed for the low-pressure (low-pressure exponent) leg due to large
data scatter. However, one could speculate that the ambient-temperature and cold-temperature data
were about the same—hence, no temperature sensitivity. This type of behavior has been observed.
Experiments on binary mixtures of magnesium and sodium nitrate (candidate propellant for air
augmented rockets) show that, for mixtures where the pressure exponent of the burn rate is small,
 the temperature sensitivity is also small [13]. Conversely, in the same study they show larger
temperature sensitivities for mixtures where the pressure exponent of the burning rate is larger.
While a case has been made for gelling having a minimal effect on the burn rate, the obvious set of
measurements have not been made. Measurements for gelled XM46 at -50° C should be made and
compared with the -50° C ungelled XM46 work.

The reason that liquid XM46 burned with a reasonably flat surface at the cold temperatures
(nominally -50° C) was assumed to be due to increases in viscosity. Over the temperature range
from +25° C to -55° C, the dynamic viscosity increases from about 0.1 to 35 P. These viscosity
data were obtained by Bair [14] for a pressure of 69 MPa. Zeldovich et al. [15] discuss combustion

instabilities in liquids as related to viscosity and state:

12



“When the viscosity of the burning liquid is sufficiently high (on the order of 1 P) the

stabilizing factor will be the viscosity, rather than the surface tension.”

Moreover, a stability criteria against hydrodynamic perturbations is given [15] for burning liquids
under the influence of gravity. This relationship is

m® < gv(3p,p,)*? and m = pju_

for the case where the burning surface regresses downward. The symbols, units, and estimated
values for liquid XM46 are given in Table 3. Using these values, the stability criterion is met for
kinematic viscosity values greater than about 0.18 cm?'s or dynamic viscosity values of about 0.26 P.
For XM46, at atmospheric pressure and above, the stability criterion is attained when XM46 is
cooled to temperatures below 0° C.

Table 3. Some Thermophysical Quantities for XM46 at +25° C and 70 MPa

1 symbol [  Units [ ValuesforXmas |

Mass flux of propellant g/em?®s 3.6
Density of liquid propellant p1 g/em® 1.45
Denisty of combustion products 0, gem? 0.0945°

Acceleration of gravity g cm/s? 980
Dynamic viscosity Vq P 0.09
Kinematic viscosity - 0.06
Burning velocity 25

? Calculated from thermochemical equilibrium code.

Hot-temperature burn rates (about +60° C) for XM46 could only be obtained by gelling.
Initially, experiments were conducted at +60° C using 1% Rhamsam gum as the gelling agent.
Videos of the burn showed a surface destabilized behavior consisting of a negative burn cone with
wavelets progressing up the sides of the cone. The gelling concentration was increased from 1.0 to

1.5%. This change, along with minimizing the time the gelled sample was kept at the hot
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temperature, provided stable burning behavior. The burn rates obtained were slightly larger than the

gelled ambient results, with a similar pressure behavior.

The pressure break provides a convenient separation point for discussing possible differences
in the combustion mechanisms of gelled XM46. Although the pressure break is depicted as a sharp
change with the lines drawn in the figures, the actual transition from one pressure dependence to
another is probably smoother, occurring over a finite-pressure regime. For pressures above about
70 MPa, the gelled regressing surface appears planar, with a sharp line defining the burning surface.
At pressures below about 70 MPa, two distinct patterns emerge. In the pressure range from about
25 to 70 MPa, the planar surface develops a slightly convex nature as the pressure is decreased, but
the gas phase region above the surface remains transparent. Moreover, the line defining the burning
surface is less distinct. Below about 25 MPa, the initially planar regressing surface develops inclined
surfaces and a dark residue remains. Here, a wedge-shaped surface is observed where the gas phase
area above is rendered mostly opaque due to residue coating the sample cell walls. This phenomena
has been previously observed by McBratney [5] and is consistent with one of the major conclusions
of Vosen [16], who deduced that the combustion of XM46 is a two-step process. The first step is
liquid-phase decomposition of HAN, and the subsequent step is the decomposition of TEAN in the
gas-phase HAN products. Vosen’s conclusion was predicated on a post-analysis, where it was found

the that TEAN was the primary burn-residue ingredient.

In their studies of LP1845 (liquid propellant almost identical to XM46) Zhu and Law [17] report
that the propellant explosion is initiated by a liquid-phase reaction of the HAN component. Thus,
evidence is given for a condensed-phase HAN reaction as being the controlling or rate-limiting
reaction for XM46 at low pressure (0.1 MPa). Additional evidence supporting this mechanism is
the observed weak-pressure dependence of the burn rate for both gelled XM46 and ungelled XM46
(-50° C) at pressures below about 70 MPa. At pressures above 70 MPa, the pressure exponent

attains values close to 1, which is suggestive of a controlling bimolecular reaction.

A few burn-rate measurements on gelled 9.1 M HAN were performed to further characterize the

pressure break region. These measurements suggest no pressure break, a major change in behavior
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due to the absence of the fuel component, TEAN, or DEHAN. Reactions controlling the burn rate
remain weakly pressure-dependent throughout the pressure range investigated (30-200 MPa).
Kounalakis and Faeth [18] have theoretically studied critical combustion properties of LGP1845 and
XM46 and estimated a critical combustion pressure of 250 + 125 MPa. This value is larger than the
observed pressure break in the burn rate. These findings, together with the absence of a pressure
break region for 9.1 M HAN, support the position that the pressure break is not a manifestation of

critical point behavior.

S. Summary

In this report, burn-rate data have been presented for six different aqueous HAN-based mixtures.
These data have been obtained as a function of pressure and, in one case, temperature as well. The
pressure range covered extends from low pressure into gun condition pressures (10-300 MPa). Two
distinctly different pressure regimes were found. At pressures below about 70 MPa, the burn rate
is weakly pressure-dependant, whereas, at pressures from about 70-250 MPa, the burn rate is

approximately linearly dependent on the pressure.

If these materials were to be seriously considered for propellant use at some future time, the
following suggested study is proposed. While the burn-rate behavior of ungelled XM46 at -50° C
is very similar to the behavior of gelled XM46 at ambient temperature, a more conclusive test would

be to measure the burn rates of XM46 gelled and ungelled at -50° C.

If the results of this comparison showed identical behavior, then closed-bomb techniques for the
burn rate measurement could possibly be developed. Gelled liquid propellant might be shaped into
a disk and uniformly ignited in a closed-bomb vessel. Run-to-run reproducibility, as well as
agreement with the optical strand burner data, would be necessary before applying the closed bomb
to other samples or over different pressure ranges. The benefits of having a validated procedure for
closed-bomb testing would be that the pressure dependence of the burn rate could be obtained in one

run. Moreover, the pressure range could be extended further into the gun-pressure regime, 600 MPa.

15




INTENTIONALLY LEFT BLANK.

16



10.

11.

6. References

Coffee, T. P., P. G. Baer, W. F. Morrison, and G. P. Wren. “Jet Breakup and Combustion
Modeling for the Regenerative Liquid Propellant Gun.” Proceedings of the 26th JANNAF
Combustion Meeting, CPIA Pub. No. 529, p. 293, 1989.

Oberle , W.F.,and G. P. Wren. “Closed Chamber Combustion Rates of Liquid Propellant 1846
Conditioned Ambient, Hot and Cold.” Proceedings of the 27th JANNAF Combustion Meeting,
CPIA Pub. No. 557, p. 377, 1990.

McBratney, W. F., B. D. Bensinger, and W. B. Arford. “Strand Combustion Rates for Some
Liquid Monopropellants at Gun Functioning Pressures.” BRL-MR-2658, U.S. Army Ballistic
Research Laboratory, Aberdeen Proving Ground, MD, 1976.

Egorshev, V. Y., B. N. Kondrikov, and O. L. Yakovleva. “Combustion of Water-Impregnated
Explosive Compounds.” Fizika Goreniya I Vzryva, vol. 27, no. 5, pp. 56-63, 1991.

McBratney, W. F. “Windowed Chamber Investigation of the Burning Rate of Liquid
Monopropellant for Guns.” BRL-MR-03018, U.S. Army Ballistic Research Laboratory,
Aberdeen Proving Ground, MD, 1980.

McBratney, W. F. “Burning Rate Data, LGP1845.” BRL-MR-03128, U.S. Army Ballistic
Research Laboratory, Aberdeen Proving Ground, MD, August 1981.

McBratney, W. F., and J. A. Vanderhoff. “High Pressure Windowed Chamber Burn Rate
Determination of Liquid Propellant XM46.” ARL-TR-442, U.S. Army Research Laboratory,
Aberdeen Proving Ground, MD, June 1994.

Messina, N. “4.3.4 Burn Rate Experiment.” FY96 Report for the Technology Base Program,
pp. 130-135, Lockheed Martin Defense Systems, 1996.

Klein, N., T. P. Coffee, and C. S. Leveritt. “Pressure Oscillations in a Liquid Propellant
Gun—Possible Dependence on Propellant Burning Rate.” ARL-TR-3361, U.S. Army Research
Laboratory, Aberdeen Proving Ground, MD, June 1992.

McBratney, W. F., and J. A. Vanderhoff. “Burn Rate Investigations of Liquid Propellant
XM46.” 32nd JANNAF Combustion Meeting, CPIA Publ. No. 631, October 1995.

Princeton Combustion Research Laboratories, Inc. “High Pressure Burn Rate Measurements
on Gel/Slurries.” Final Report, PCRL-FR-87-003, April 1987.

17



12.

13.

14.

15.

16.

17.

18.

”

Kubota, N. “Survey of Rocket Propellants and Their Combustion Characteristics.
Fundamentals of Solid Propellant Combustion, K. Kuo and M. Sommerfield (editors), ATAA
Progress in Astronautics and Aeronautics Series, vol. 90, 1984.

Singh, H., and R. B. Rao. “Temperature Sensitivity of Magnesium-Sodium Nitrate
Propellants.” Propellants, Explosives, Pyrotechnics, vol. 15, pp. 250-253, 1990.

Bair, S. “Compressibility, Refractive Index and Viscosity of Liquid Gun Propellants.”
TR-TCN-92420, Contract DAALO3-91-C-0034, Georgia Institute of Technology, July 1993.

Zeldovich, Y. B.,G.1 Barenblatt, V. B. Librovich, and G. M. Makhviladze. “The Mathematical
Theory of Combustion and Explosions.” Consultants Bureau, New York and London,

pp. 521-523, 1985.

9”

Vosen, S. R. “The Burning Rate of Hydroxylammonium Nitrate-Based Liquid Propellants.
22nd Symposium (Int) on Combustion, p. 1817, The Combustion Institute, 1988.

Zhu,D.L.,and C.K.Law. “Aerothermal Studies of Energetic Liquid Materials: 1. Combustion
of HAN-Based Liquid Gun Propellants Under Atmospheric Pressure.” Combustion and Flame,
vol. 70, pp. 333342, 1987.

Kounalakis, M. E., and G. M. Faeth. “Combustion of HAN-Based Liquid Monopropellants
Near the Thermodynamic Critical Point.” Combustion and Flame, vol. 74, pp. 179-192, 1988.

18



NO. OF

COPIES ORGANIZATION

2

DEFENSE TECHNICAL
INFORMATION CENTER
DTIC DDA

8725 JOHN J KINGMAN RD
STE 0944

FT BELVOIR VA 22060-6218

HQDA

DAMO FDQ

DENNIS SCHMIDT

400 ARMY PENTAGON
WASHINGTON DC 20310-0460

0SD
OUSD(A&T)/ODDDR&E(R)
RJTREW

THE PENTAGON
WASHINGTON DC 20301-7100

DPTY CG FOR RDE

US ARMY MATERIEL CMD
AMCRD

MG CALDWELL

5001 EISENHOWER AVE
ALEXANDRIA VA 22333-0001

INST FOR ADVNCD TCHNLGY
THE UNIV OF TEXAS AT AUSTIN
PO BOX 20797

AUSTIN TX 78720-2797

DARPA

B KASPAR

3701 N FAIRFAX DR
ARLINGTON VA 22203-1714

NAVAL SURFACE WARFARE CTR
CODE B07 ] PENNELLA

17320 DAHLGREN RD

BLDG 1470 RM 1101

DAHLGREN VA 22448-5100

US MILITARY ACADEMY

MATH SCI CTR OF EXCELLENCE
DEPT OF MATHEMATICAL SCI
MAJ M D PHILLIPS

THAYER HALL

WEST POINT NY 10996-1786

19

NO. OF

COPIES ORGANIZATION

1

DIRECTOR .

US ARMY RESEARCH LAB
AMSRLD

R W WHALIN

2800 POWDER MILL RD
ADELPHI MD 20783-1145

DIRECTOR

US ARMY RESEARCH LAB
AMSRL DD

JJROCHIO

2800 POWDER MILL RD
ADELPHI MD 20783-1145

DIRECTOR

US ARMY RESEARCH LAB
AMSRL CS AS (RECORDS MGMT)
2800 POWDER MILL RD

ADELPHI MD 20783-1145

DIRECTOR

US ARMY RESEARCH LAB
AMSRL CILL

2800 POWDER MILL RD
ADELPHI MD 20783-1145

ABERDEEN PROVING GRO

DIR USARL
AMSRL CILP (305)



NO. OF

COPIES ORGANIZATION

41

ABERDEEN PROVING GROUND

DIR, USARL
AMSRL-WM-B,
A.W.HORST
AMSRL-WM-BD,
B.E. FORCH
G.F. ADAMS
W.R. ANDERSON
R.A. BEYER
S.W. BUNTE
C.F. CHABALOWSKI
S. COLEMAN
A. COHEN
R. CUMPTON
R. DANIEL
D. DEVYNCK
R.A. FIFER
JM. HEIMERL
B.E. HOMAN
A.TUHASZ
AJ.KOTLAR
R. KRANZE
E. LANCASTER
W.F. MCBRATNEY
K.L. MCNESBY
M. MCQUAID
N.E. MEAGHER
M.S. MILLER
A.W.MIZIOLEK
J.B. MORRIS
JE. NEWBERRY
S.V.PAI
R.A. PESCE-RODRIGUEZ
J. RASIMAS
P. REEVES
B.M. RICE
P. SAEGAR
R.C. SAUSA
M.A. SCHROEDER
R. SCHWEITZER
L.D. SEGER
J.A. VANDERHOFF
D. VENIZELOS
A. WHREN
H.L. WILLIAMS

20



REPORT DOCUMENTATION PAGE OMB N, 07040185

gnhorlng and mdmlnlnn tho m needed, and completing and

["Public reporting burden for this coliection of information is estimated 13 average 1 hour por responss, lncludlng the time for Tﬂ g existing ;) sources,

' Send eommm nu'ﬂng this burden mouny other aspect of this

1 AGENCY USE ONLY (Leave blank) 1 2. REPORT DATE

the
ol suw 1or tmzhurdon to Wuhlngtonmnqumu blnctomo Op md ports, 1215 ftorson
SRR i e IDOTWOIK H -

3. REPORT TYPE AND DATES COVERED

March 1999 Final, Jan 93 - Dec 96
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Burn-Rate Investigations of HAN-Based Candidate Liquid Propellants 1L161102AH43

6. AUTHOR(S)

W. F. McBratney and J. A. Vanderhoff

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

U.S. Army Research Laboratory
ATTN: AMSRL-WM-BD
Aberdeen Proving Ground, MD 21005-5066

aee————————————
8. PERFORMING ORGANIZATION
REPORT NUMBER

ARL-TR-1927

9. SPONSORING/MONITORING AGENCY NAMES(S) AND KDDR%(ES)

10.SPONSORING/MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited.

12b. DISTRIBUTION CODE -

13. ABSTRACT (Maximum 200 words)

pressure break was observed.

High-pressure windowed strand burners have been used to obtain burning rates for some hydroxyl ammonium nitrate
(HAN) liquid propellants over the pressure range from about 10 to 300 MPa. Measured linear burn rates for these liquids
were erratic due to the manifestation of surface irregularities. This burning surface variable has been minimized by
gelling. A pressure break occurs around 80 MPa for these gelled propellants. The burn rate (r) vs. pressure (p) can be
adequately expressed by an exponential of the form r = Ap". For pressures below 70 MPa, n ~ 0.2, and for pressures
between 70 and 300 MPa, n ~ 1.1. One HAN-based liquid propellant, XM46, has been investigated as a function of
temperature as well. Due to the substantial increase in viscosity, cold-temperature (~-50° C) burn rates were obtained
without the use of any gelling agent. These cold temperature burn rates are slightly lower than the ambient temperature
rates and follow a similar pressure behavior at pressures above about 30 MPa. Hot-temperature (~+60° C) gelled XM46
burn rates are slightly larger than the ambient-temperature rates, again with a similar pressure behavior. Burn rates were
also determined for gelled 9.1 M HAN through the 70-MPa pressure region, but no convincing evidence of a similar

[ 14. SUBJECT TERMS

burning rate, propellant, liquid, temperature, pressure

OF REPORT * OF THIS PAGE
UNCLASSIFIED UNCLASSIFIED

e e ———— . T ——————r=—r e ————————————————
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION

15. NUMBER OF PAGES

25
16. PRICE CODE

19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT |
OF ABSTRACT
UNCLASSIFIED UL

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
21 Prescribed by ANS| Std. 239-18  298-102



INTENTIONALLY LEFT BLANK.

22



USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your comments/answers
to the items/questions below will aid us in our efforts.

1. ARL Report Number/Author____ ARL-TR-1927 (McBratney) Date of Report _March 1999

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for which the report will
be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of ideas, etc.)

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved, operating costs
avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate changes to organization,
technical content, format, etc.)

Organization

CURRENT Name E-mail Name
ADDRESS ‘

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address above and the Old
or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)




